The effect of the human papillomavirus type 16 (HPV-16) E5 protein on apoptosis was investigated by using the polyclonal HaCaT-cell lines stably transfected either with E5 (HaCaT/E5) or the empty vector (HaCaT/ pMSG) as reference. Apoptosis was triggered either by Fas ligand (FasL) or by tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and was monitored by detection of cleavage of procaspase-8 and procaspase-3, as well as their substrate poly(ADP-ribose) polymerase (PARP). In contrast to the HaCaT/pMSG control cells we found that apoptosis induced by either of the two ligands is strongly suppressed in the E5-expressing keratinocytes. Fas expression is reduced by about a factor of two in HaCaT/E5 cells, which could be part of the mechanisms that protect the cells from FasL-induced apoptosis. For the TRAIL receptors, no such downregulation was observed. Here, E5 impairs the formation of the death-inducing signaling complex triggered by TRAIL. Apparently, E5 employs different mechanisms to inhibit death receptor signaling. This effect is not restricted to HaCaT/E5 cells since we found that the mouse fibroblast cell line A31-E5 is protected from TRAIL-induced apoptosis, as well but not the E5-lacking control cells A31-Neo. However, no such protection was observed upon FasL-induced apoptosis. Presumably, some of the antiapoptotic mechanisms employed by E5 of the human pathogenic HPV-16 are cell type specific. We propose that inhibition of ligand-mediated apoptosis in human keratinocytes is a primary function of the HPV-16 E5 protein needed to prevent apoptosis at early stages of viral infection.
Human papillomaviruses (HPV) are small double-stranded DNA viruses that infect basal epithelial cells of cutaneous or mucosal tissues through microlesions (28) . A copy number of 50 to 100 viral genomes is established in the infected cell and is maintained in the two daughter cells upon cell division. One of the daughter cells remains in the basal layer, whereas the other one migrates up into the suprabasal strata and starts to differentiate. The viral DNA is amplified to high copy numbers when the host cell reaches the granular layer. Particle assembly takes place in the cornified layer, completing the viral life cycle (29, 30) .
Substantial research effort has been devoted to the high-risk types HPV-16 and Ϫ18, which infect the genital mucosa and are strongly associated with cervix carcinoma (64) . In the case of HPV-16, the genome is organized into six early (E1, E2, E4, E5, E6, and E7) and two late (L1 and L2) open reading frames that code for functional and structural proteins, respectively. While E1 and E2 are essential for replication of the viral genome (16) , E6 and E7 are responsible for maintaining the correct environment for DNA replication in the host cell by preventing possible cell cycle arrest and intrinsic, p53-dependent apoptosis (28, 41, 59) .
Unlike the other viral proteins, E5 is a membrane protein (83 amino acids) that associates with the Golgi apparatus, the endoplasmic reticulum, and the nuclear membrane, as has been shown for an E5-fusion protein (7) . E5 rearranges the actin cytoskeleton, inhibits endocytic trafficking (52) , and influences signal transduction pathways, leading to a complex pattern of observed effects. Expression of E5 in human keratinocytes increases activation of the signaling cascade originating from the epidermal growth factor receptor (9, 11, 36, 49) and activates c-jun gene expression via the Ras-dependent pathway (3, 5) . In mouse fibroblasts E5 is able to modulate membrane signaling phospholipids (10) . Upon nonspecific stress induced by hyperosmolar concentrations of sorbitol, E5-expressing human keratinocytes are sensitized to apoptosis (20) . When UV radiation is used for stress, E5-expressing human keratinocytes are protected from apoptosis (61) .
The exact function of E5 within the HPV-16 life cycle is unknown and many of the effects described above may be due to the localization of this hydrophobic molecule in cellular membranes. In addition to the major oncoproteins E6 and E7, E5 possesses weak oncogenic properties as demonstrated in assays employing rodent cells (14, 25, 27, 36) . E5 allows anchorage-independent growth of human keratinocyte colonies in soft agarose (5) , enhances the HPV-16-induced immortalization of human keratinocytes (8) , and reduces gap-junctionmediated cell communication (32) . Large amounts of E5 mRNA have been found in abnormal cervical smears (1) and cervical intraepithelial neoplasia (low-grade CIN 1), which suggests that E5 plays a role in the first steps of cellular transformation (22, 48) .
Normal cell and tissue homeostasis reflects a dynamic balance of cell proliferation, differentiation, and apoptosis. Apoptosis is a program for the elimination of cells initiated by specific biological signals. Two main apoptotic routes have been identified (4, 15, 17) . In the extrinsic death receptor pathway, receptors are activated specifically by their cognate ligands, e.g., tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) or FasL. FasL is binding to the Fas (CD95) receptor leading to activation and clustering of the death receptors (42, 43, 58) . TRAIL interacts with four cellular and one secreted, soluble receptor called osteoprotegerin (13) . Among the four cellular receptors only the TRAIL receptors 1 (DR4, TRAIL-R1) and 2 (DR5, TRAIL-R2) contain intracellular death domains (DDs) to transmit the apoptotic signal (23, 33, 34, 43, 45, 47) . In contrast, the TRAIL receptors 3 (TRAIL-R3, DcR1) and 4 (TRAIL-R4, DcR2) are not able to mediate apoptosis due to complete or partial absence of cytoplasmic DDs, respectively (34, 35, 45) . Upon binding of the ligand to the receptors, homo-and heterotrimeric structures are formed (19, 43) . Trimerization of the activated Fas or TRAIL receptors leads to binding of the adaptor protein FADD (Fas-associated DD) and subsequent recruitment of procaspase-8 (58); this protein complex is called death-inducing signaling complex (DISC). DISC formation provides the necessary environment for activation of procaspase-8 by autocatalytic cleavage (24, 40) . The intrinsic mitochondrial pathway is used in response to many nonspecific stimuli, e.g., DNA damage, radiation, and osmotic stress (37) , resulting in cytochrome c release from the mitochondrial intermembrane space. Cytochrome c associates with Apaf-1 and then with procaspase-9 to form the apoptosome complex, leading to activation of caspase-9. Both pathways converge at the level of caspase-3 activation.
In malignant cells, these physiological apoptotic pathways are often disturbed, which allows an uncontrolled cell proliferation that leads to a variety of diseases, including cancer (50, 53) . Fas and TRAIL receptors are expressed by a broad panel of normal epithelial cells (26, 60) . Downregulation of Fas expression is a common abnormality in gynecological cancers (12) , whereas the expression of TRAIL receptors is not reduced in cervical cancer (38) compared to normal tissue. It is thus plausible that HPV-16, like many other viruses (31, 51) , has developed mechanisms to delay apoptosis of the infected cell and one of its early proteins, namely, E6, has been identified to prevent intrinsic, p53-dependent apoptosis (41, 59) . We show here that E5 impairs extrinsic apoptosis mediated by TRAIL and FasL in human keratinocytes, and we propose that this is a primary function of the viral protein.
MATERIALS AND METHODS
Cell lines and apoptosis induction. We used the spontaneously immortalized human keratinocyte cell line HaCaT (2) that had been stably transfected with HPV-16 E5 (HaCaT/E5) or the empty vector pMSG as control (HaCaT/pMSG) (32) . In all experiments, including controls, cells were grown in keratinocyte growth medium (BioWhittaker, Heidelberg, Germany) to 70 to 80% confluency and serum-starved for 48 h in Dulbecco modified Eagle medium with penicillinstreptomycin (Gibco, Karlsruhe, Germany). Both cell lines were treated with 1 M dexamethasone during culture and serum deprivation to induce E5 expression. Under these culture conditions the presence of E5 mRNA in HaCaT/E5 cells was verified routinely by Northern blot or reverse transcription-PCR. For apoptosis induction, cells were treated with 500 ng of TRAIL (KillerTRAIL; Alexis, Grünberg, Germany) or 150 ng of FasL (SuperFas Ligand; Alexis)/ml for 30 min, 1 h, 2 h, 4 h, and 8 h. Ligand-blocking experiments were performed with 3 g of neutralizing antibodies (2E5; Alexis)/ml directed against TRAIL. Cells were subsequently washed twice with cold phosphate-buffered saline (PBS) and lysed in 1% sodium dodecyl sulfate (SDS) for Western blot analysis. The protein content of all extracts was measured by using the DC protein assay (Bio-Rad, Munich, Germany) according to Lowry. In addition to the keratinocytes, we used the mouse fibroblast cell line A31-E5, which permanently expresses HPV-16 E5 and the A31-Neo cell line as a reference (25) . Cells were cultured in Dulbecco modified Eagle medium with 10% fetal calf serum and penicillin-streptomycin (Gibco) and serum starved for 24 h without addition of dexamethasone. Apoptosis was induced with 500 ng of TRAIL or 50 ng of FasL/ml as described above.
Western blot analysis. For SDS-polyacrylamide gel electrophoresis (PAGE), 50 g of protein extract from HaCaT/pMSG, and HaCaT/E5 cells (or A31-E5 and A31-Neo, respectively) were separated on the same gel and subsequently transferred onto one nitrocellulose membrane (Schleicher & Schuell, Dabbel, Germany). The membranes were blocked with 10% dry milk in PBS containing 0.1% Tween 20 for several hours at room temperature. The first antibody was incubated at 4°C overnight. Reactions were detected with the ECL system (Amersham-Pharmacia, Freiburg, Germany).
The antibodies used included caspase-3 (BD PharMingen, Heidelberg, Germany), caspase-8 (c15, murine immunoglobulin G2b) (39) , and PARP (c-2-10) (21) .
DISC analysis by coimmunoprecipitation. HaCaT/E5 and HaCaT/pMSG cells were cultured and serum starved as described above before treatment with TRAIL at ng/ml for 30 min. Cells were detached from dishes by use of a rubber policeman, washed twice in ice-cold PBS, and lysed in buffer (30 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% NP-40, 10% glycerol) supplemented with protease inhibitors (Roche Diagnostics, Mannheim, Germany) according to the manufacturer's instructions. After 15 min of incubation on ice, the lysates were centrifuged at 20,000 ϫ g for 15 min at 4°C to remove nuclei. The protein content of the supernatant was measured as described above, and 700 to 800 g of cell extract was used for immunoprecipitation with 3 g of DR4 and DR5 antibody, respectively (HS101 and HS201; Alexis). Precipitation was performed by using magnetic protein G Microbeads and binding to a MACS column in a magnetic field (Miltenyi Biotec, Bergisch Gladbach, Germany). To prevent dissociation of the antibodies into their heavy and light chains, elution buffer without ␤-mercaptoethanol (58.3 mM Tris-HCl [pH 6.8], 5.73% glycerol, 1.67% SDS, 0.01% bromphenolblue) was used. After separation by SDS-PAGE and subsequent transfer onto nitrocellulose membrane (Schleicher & Schuell, Dabbel, Germany), the blots were cut into an upper and lower part before being probed with DR4 or DR5 antibody and FADD antibody (1F7; Biozol Diagnostica, Eching, Germany) overnight, respectively. The blots were developed by enhanced chemiluminescence as described. For immunoprecipitation of the Fas receptors 655 g of protein extracts were used, together with 3 g of Apo-1 antibody (56), and processed for Western blot analysis. For detection of Fas receptor the Fas antibody (C-20; Santa Cruz, Heidelberg, Germany) was used for Western blot. A densitometric quantification of the bands was performed by using ImageQuant software.
FACS analysis. Surface expression of the death receptors Fas, DR4 (TRAIL-R1), and DR5 (TRAIL-R2) in untreated, serum-starved HaCaT cells was analyzed by fluorescence-activated cell sorting (FACS). Cells were detached from the plate after incubation with PBS containing 0.25% EDTA for 10 min, followed by brief trypsinization. Then, 7.5 ϫ 10 5 cells were resuspended in 100 l of PBS and incubated with human CD95 antibody (1 g/ml; Cymbus Biotechnology) or DR4 and DR5 antibody (each 10 g/ml; Alexis) for 45 min on ice. After a washing step with PBS, a fluorescein isothiocyanate (FITC)-conjugated secondary antibody was added, and the cells were stained for 45 min on ice. The washed cells were then resuspended in 300 l of cold PBS and pressed through a syringe with needle. For each sample, 10,000 single events were analyzed with a flow cytometer (Becton Dickinson, Mountain View, Calif.) by using CELLQuest software and the FITC detector filter FL-1.
Indirect immunofluorescence. Cells were grown on coverslips and cultured and starved as described above before apoptosis was induced by treatment with 500 ng of TRAIL or 150 ng of FasL/ml for 2, 4, and 8 h. The cells were washed in PBS and fixed in methanol and acetone (both Ϫ20°C) for 5 min each, before an antibody that specifically detects the cleaved form of caspase-3 (New England Biolabs, Bad-Schwalbach, Germany) was added in a dilution of 1:50 in PBT (PBS containing 0.5% bovine serum albumin, 0.5% Tween 20, and 0.02% NaN 3 ) and incubated overnight at 4°C. After being washed with PBS, an Alexa 488-conjugated secondary antibody was added, together with propidium iodide, as a counterstain and incubated for 1 h. The washed samples were mounted in Fluoprep (bioMerieux, Marcy l'Etoile, France), and the fluorescent cells were visualized for counting with a Leica DMRD microscope (Leica, Bensheim, Germany). Pictures were taken by using the Confocal laser scanning microscope (Leica TCS SP, Bensheim, Germany). Cleavage of procaspase-8 and -3 and PARP after TRAIL treatment is undetectable in HaCaT/E5 cells. Evidence for apoptotic signaling along the death receptor pathway after addition of TRAIL is provided in Fig. 2 . A total of 500 ng of TRAIL/ml was applied for 30 min, 1 h, 2 h, 4 h, and 8 h after serum deprivation. The effect of TRAIL on our cells was monitored by the 43-and 41-kDa fragments of procaspase-8 ( Fig.  2A) . In HaCaT/pMSG cells cleavage started 1 h after the addition of TRAIL and steadily increased over the course of the experiment. For the E5-expressing cells, no such cleavage could be observed. Activation of the initiator caspase-8 was followed by cleavage of the downstream procaspase-3, as shown in Fig. 2B . In HaCaT/pMSG, but not in HaCaT/E5 cells, activation of procaspase-3 was detected after 2 h and increased until the end of the experiment. Evidence for the catalytic competence of activated caspase-3, namely, the proteolytic cleavage of its substrate poly(ADP-ribose) polymerase (PARP), is given in Fig. 2C . Identically stimulated HaCaT/E5 cells show neither caspase-3 activation nor PARP cleavage. To prove that the observed effects were due to TRAIL-mediated apoptosis, neutralizing antibody against TRAIL was added at 3 g/ml together with the ligand. Consistent with the above findings, PARP cleavage occurred after 8 h of TRAIL treatment in HaCaT/pMSG cells but was undetectable in the presence of neutralizing antibody (Fig. 2D) . For HaCaT/E5 cells, no PARP cleavage was observed in either case.
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RESULTS
Polyclonal
Cleavage of procaspase-8 and PARP after FasL treatment is strongly reduced in HaCaT/E5 cells. Involvement of the death receptor pathway was also shown for FasL-mediated apoptosis (Fig. 3) . A total of 150 ng of FasL/ml was added for 30 min, 1 h, 2 h, 4 h, and 8 h after serum deprivation. In HaCaT/pMSG cells cleavage of procaspase-8 started 4 h after the addition of FasL and increased strongly after 8 h (Fig. 3A) . For the E5-expressing cells no significant cleavage could be observed after 4 h, and only a faint cleavage of procaspase-8 occurred after 8 h. Similar to the TRAIL experiments, we found a strong reduction of PARP cleavage for the E5-expressing cells (Fig.  3B) .
Surface expression of Fas, but not of DR4 and DR5, is reduced in HaCaT/E5 cells. Since the antiapoptotic effect of E5 has been observed at the level of caspase-8 activation ( Fig.  2A and 3A) , we expected that E5 would interfere with the beginning of the death-signaling pathway. Therefore, we analyzed surface expression of the death receptors Fas, DR4 (TRAIL-R1) and DR5 (TRAIL-R2) by using the FACS method. We found that Fas surface expression is reduced by a factor of 1.8 in untreated HaCaT/E5 compared to HaCaT/ pMSG cells (Fig. 4A) . Presumably, the reduced amount of Fas receptors is expected to render the HaCaT/E5 cells less susceptible to FasL-induced apoptosis. In contrast, no differences in the expression of DR4 and DR5 were detectable ( Fig. 4B and C), indicating that a different mechanism must be responsible for the inhibition of TRAIL-mediated apoptosis in HaCaT/E5. TRAIL-induced DISC formation is impaired in HaCaT/E5 cells. We studied DISC assembly by coimmunoprecipitation of the death receptors DR4 and DR5 with their adaptor protein FADD. A total of 500 ng of TRAIL/ml was added for 30 min after serum deprivation to HaCaT/pMSG and HaCaT/E5 cells. Then, 700 and 800 g of cell extract were used for immunoprecipitation with 3 g of DR4 and DR5 antibody, respectively. The amounts of DR4 and DR5 receptors in untreated HaCaT/pMSG and HaCaT/E5 cells were similar, as expected from the FACS analysis ( Fig. 4B and C) and declined after the TRAIL treatment (upper panels of Fig. 5A and B) , possibly due to receptor degradation. For each receptor a very faint, but nonetheless identifiable FADD-band appeared only in the HaCaT/pMSG cells after induction of DISC formation by TRAIL (lower panels of Fig. 5A and B) . This means that the resistance of HaCaT/E5 toward TRAIL could be attributed to the inability of the cells to form a functional DISC, which is necessary for transmission of the apoptotic signal.
Fas expression is strongly reduced in HaCaT/E5 cells. In contrast to the death receptors DR4 and DR5, we found a pronounced reduction in the expression of Fas receptors by more than a factor of 2 in untreated HaCaT/E5 cells compared to untreated HaCaT/pMSG cells (Fig. 5C ). This indicates that E5 is able to downregulate the total amount of Fas receptors and not only their surface expression (Fig. 4A) . Although it is clear that DISC formation must have occurred after addition of FasL, we were unable to detect coimmunoprecipitated FADD in either HaCaT/E5 or HaCaT/pMSG cells despite several attempts with different amounts of cell extracts (up to 1 mg) and different incubation times (5 min, 30 min, and 8 h). Each data point is the mean value of four measurements of randomly chosen fields in one experiment. Exact sampling theory (Student t distribution with 3 degrees of freedom) is used for error estimation. The error bars represent the interval in which the true (population) mean is found with a probability of 95%. The experiment was repeated three times with similar results.
VOL. 76, 2002 HPV-16 E5 IMPAIRS TRAIL-AND FasL-MEDIATED APOPTOSIS 12165
The antiapoptotic effects in HaCaT/E5 cells depend on E5 expression. Since E5 expression is controlled by the dexamethasone-inducible MMTV-promoter, the antiapoptotic effects observed in HaCaT/E5 cells should disappear if the promoter is not activated. To verify this expectation we compared HaCaT/E5 and HaCaT/pMSG cells with or without dexamethasone (ϩDex, ϪDex) induction. Apoptosis was induced by the addition of either 150 ng of FasL or 500 ng of TRAIL/ml for 24 h after serum deprivation in the presence or absence of 1 M dexamethasone. Apoptotic cells were visualized by indirect immunofluorescence against activated caspase-3 (Fig.  6A) . In the absence of FasL or TRAIL very few fluorescent cells were visible, which indicates a low background of apoptotic cells (left column; control). After the addition of FasL or TRAIL, a large number of fluorescent cells could be detected in the E5-lacking HaCaT/pMSG cells with insignificant differences between the cells with or without dexamethasone treatment (upper part of the middle and right columns). A different picture emerges for the HaCaT/E5 cells after identical exposure to FasL or TRAIL (lower part of the middle and right columns). In HaCaT/E5ϩDex the amount of apoptotic cells was reduced by about a factor of two compared to HaCaT/E5-Dex. A quantification of the results is shown in Fig. 6B . Upon comparing HaCaT/E5-Dex with HaCaT/pMSG-Dex, we observed a small reduction in the number of apoptotic cells after FasL or TRAIL treatment. This could be due to a residual   FIG. 2 . Cleavage of procaspase-8 and -3 and PARP after TRAIL treatment. HaCaT/pMSG and E5 were serum starved, and apoptosis was induced by 500 ng of TRAIL/ml as described in Materials and Methods. Then, 50 g of each protein extract were separated by SDS-PAGE and immunoblotted with antibodies recognizing caspase-8 and -3 and PARP. Panels A and C derive from the same blot with uncleaved PARP also serving as an internal loading control. (Table 1) . We have repeated the FACS analysis twice, obtaining essentially the same results as already shown in Fig. 4A . However, we found that the total amount of Fas protein changed upon treatment with dexamethasone in both cell lines (Table 1) . In HaCaT/E5ϩDex cells the total amount of Fas protein was lower in the presence of dexamethasone than in the absence of the inducer, which indicates that the total Fas content is E5 concentration dependent. In contrast, we observed an increase of the total amount of Fas protein in the HaCaT/pMSGϩDex cells. This indicates that the synthetic glucocorticoid causes additional effects besides induction of the MMTV-promoter that ultimately lead to an increase of Fas protein. In both HaCaT/pMSG-Dex and HaCaT/E5-Dex we found approximately the same total amount of Fas protein, whereas a pronounced reduction of Fas levels was observed in HaCaT/ E5ϩDex but not in HaCaT/pMSGϩDex. This reduction is consistent with the results shown in Fig. 5C . Finally, Northern blot analysis showed that induction of the MMTV-promoter by dexamethasone hardly altered Fas mRNA expression. Between the two cell lines no significant differences in Fas mRNA expression were detectable (Table 1) . E5-expressing mouse fibroblasts are protected from TRAILbut not from FasL-mediated apoptosis. To address the question whether the antiapoptotic effect of E5 is restricted to HaCaT cells, we compared the mouse fibroblast cell line A31-E5 with the E5-lacking control cells A31-Neo. A total of 500 ng of TRAIL/ml was added for 30 min, 1 h, 2 h, 4 h, and 8 h after serum deprivation. The apoptotic effect of TRAIL was monitored by PARP cleavage (Fig. 7A) . In A31-Neo cells cleavage started 2 h after the addition of TRAIL and increased to a constant level at 4 and 8 h. For the E5-expressing cells no such cleavage could be observed.
A different picture emerges when apoptosis is induced by FasL (Fig. 7B) . Upon the addition of 50 ng of FasL/ml, both A31-E5 and A31-Neo cells showed PARP cleavage that started after 2 h and steadily increased over the course of the experiment. Apparently, E5 of the human papillomavirus is unable to protect mouse fibroblasts from FasL-mediated apoptosis. This observation is consistent with the hypothesis that human pathogenic E5 employs different mechanisms to protect from TRAIL-and FasL-induced apoptosis in human target cells.
DISCUSSION
We have shown here that the viral protein HPV-16 E5 protects the human keratinocyte cell line HaCaT from TRAILand FasL-mediated apoptosis and that this effect correlates with the level of E5 expression. E5 is a difficult protein to work with since there are no antibodies available that allow a direct detection of this strongly hydrophobic protein. For this reason, our studies refer to only three states of E5 expression: high levels (upon dexamethasone induction; HaCaT/E5ϩDex), residual amounts (no dexamethasone induction; HaCaT/E5-Dex), or absolutely no E5 (HaCaT/pMSG). Evidence for some residual E5 in HaCaT/E5-Dex cells comes from faint E5 mRNA bands in Northern blots after long exposure times due to the leakiness of the MMTV-promoter (32) . By comparative analysis of cells in these three states of E5 expression we were able to assign the viral protein a new, inhibitory role in TRAIL-and FasL-mediated apoptosis.
Many viruses have developed antiapoptotic mechanisms (31, 51) that allow the host cell to stay alive long enough for the virus to replicate. We propose that the antiapoptotic effect of E5, namely, to impair TRAIL-and FasL-mediated apoptosis, is a primary function of the viral protein in human keratinocytes. In fact, at early stages of HPV-16 infection, when the viral genome is episomal, E5 is one of the most abundant viral mRNA transcripts (22, 48) .
As already mentioned HPV-16 belongs to the high-risk types which infect the genital mucosa. Proliferation and regression of gynecological tissues such as ovary, endometrium and cervix is hormone dependent, and Fas is constitutively expressed in these cells (26) , which are the natural target of the virus. Analysis of Fas expression in gynecological cancers revealed that downregulation of this death receptor is a common abnormality in these tissues (12) . The decreased levels of Fas receptor and the resultant resistance to FasL-mediated apoptosis could enable tumor cells to escape immunosurveillance (63) . It is known that virus infection can lead to a loss of cell surface Fas mediated by viral proteins, as has been described for adenovirus (46, 54) . Generally, a reduction in the number of death receptors lowers the probability that the ligand molecules reach their target, rendering these cells less susceptible to apoptosis. The observation of a reduced Fas surface expression in HaCaT/E5 cells (Fig. 4A) suggests that HPV-16 E5 exploits this principle to protect infected human keratinocytes from FasL-mediated apoptosis. However, to demonstrate the capability of E5 to protect HaCaT cells, we used a large amount of Fas ligand that presumably exceeds the physiological concentration by high margin. (According to the manufacturer [Alexis], 30 to 150 times lower concentrations than used in our experiments are sufficient to induce apoptosis in A20 B lymphoma cells.) This leads to saturation of the receptors with ligand molecules, which could explain why apoptosis occurs in HaCaT/E5-Dex (Fig. 6) , despite a reduced Fas surface expression. Apparently, additional mechanisms must exist that prevent transmission of the apoptotic signals in a E5-concentration-dependent manner (Fig. 6) . HaCaT/E5ϩDex cells contain less total Fas than HaCaT/E5-Dex or HaCaT/pMSG cells (Ta- ble 1), which could be due to a forced degradation of Fas protein since the amount of Fas mRNA remains essentially unaffected by E5 expression. Such a forced degradation of Fas that inhibits apoptosis has been previously reported for adenovirus-infected cells (54) . It remains unclear, however, by what mechanism a small amount of E5 in HaCaT/E5-Dex is able to maintain the same low surface expression of Fas as was observed in HaCaT/E5ϩDex cells. It is conceivable that the reduction in surface expression and total amount of Fas leads in combination to efficient protection from FasL-mediated apoptosis under physiological conditions. Besides Fas, TRAIL, and the TRAIL receptors have been shown to play a role in a number of viral infections (6, 44, 55, 57) . For example, in adenovirus infected cells, TRAIL-induced apoptosis is inhibited by an enhanced internalization of DR4 (55) . The presence of TRAIL receptors 1, 2, and 3 has also been reported for normal cervical epithelium as well as for tumor cells. Downregulation of the TRAIL receptors is not observed in the tumor cells (38) , which is in contrast to Fas (12) . We have shown that HPV-16 E5 inhibits TRAIL-mediated apoptosis by a mechanism different from Fas since the amount of surface and intracellular DR4 and DR5 is similar in HaCaT/E5 and HaCaT/pMSG cells (Fig. 4 and 5) . The differences between the two cell lines with respect to TRAIL-mediated apoptosis were observed at the level of caspase-8 activation ( Fig. 2A and 3A) , which leads us to expect that E5 acts on DISC formation that is upstream in the death-signaling pathway (Fig. 8) .
The binding of TRAIL to DR4 and DR5 induces receptor trimerization, generating interaction surfaces for DD-containing adaptor proteins such as FADD. In a homotypic interaction, the DD of FADD binds to the DD of the receptor. FADD recruits procaspase-8 through interactions of the death effector domain (DED). The induced proximity of caspase-8 zymogen in the DISC facilitates autocatalysis, which in turn leads to activation of downstream effector caspases such as caspase-3 that execute the apoptotic death program. One of the substrates of caspase-3 is the DNA repair enzyme poly(ADPribose) polymerase (PARP). Apoptotic signaling can be inter- cepted by c-FLIP, which is structurally similar to caspase-8 and binds to DED of FADD with a higher affinity than caspase-8 (24, 40) . The binding of c-FLIP prevents further recruitment of caspase-8 into the complex. c-FLIP is subsequently cleaved, resulting in the release of a caspase-like, but proteolytically inactive, subunit.
Although E5 does not downregulate DR4 and DR5 expression, it is conceivable that E5 reduces the functionality of these receptors. DR4 and DR5 have been found to primarily associate with the Golgi network (62) . The hydrophobic E5 molecule, which is located in the membranes of endoplasmic reticulum and Golgi (7), may be able to bind to the receptors during their posttranslational processing and transport to the cell surface. This could result in the receptor's inability to bind TRAIL or to transmit the apoptotic signal via the FADD protein. Alternatively, E5 could be responsible for an overexpression of apoptosis inhibitors. We regard this scenario as less likely because we have shown that c-FLIP expression remains unaltered in both HaCaT/E5 and HaCaT/pMSG cells (data not shown).
Consistent with the high degree of homology between human and murine proteins, including the death receptors, HaCaT/pMSG and A31-Neo cells undergo apoptosis upon induction by the human TRAIL and Fas ligands. Apparently, the murine receptors bind the human homologues of their cognate ligands equally well. Moreover we found that HPV-16 E5 protects A31 cells from TRAIL-mediated apoptosis (Fig. 7A) , a finding which demonstrates that this effect of the viral protein is not restricted to HaCaT cells. In contrast, no protection of the A31-E5 cells was observed upon addition of FasL (Fig.  7B) . It is conceivable that the intricate mechanisms employed by HPV-16 E5 for protection from FasL-mediated apoptosis are optimized for human keratinocytes and do not apply to the murine A31 cells. This would be consistent with the finding that E5 impairs TRAIL-and FasL-mediated apoptosis by different mechanisms.
The presence of Fas and TRAIL receptors in the target tissue makes it plausible that HPV-16 has developed mechanisms to escape immunosurveillance that otherwise would be likely to detect infected cells at an early stage in the viral life cycle. In addition to the known function of E6 in preventing intrinsic, p53-dependent apoptosis, we have shown here for the first time that E5 protects from extrinsic ligand-mediated apoptosis, as demonstrated for FasL and TRAIL. On the other hand, suppression of apoptosis can lead to transformed cells that are no longer capable to support viral reproduction. However, it is known that only a small fraction of HPV-16-infected cells become malignant (1, 18) . Taken together, it appears to be a selective advantage for this small virus to include in its genome the code for two proteins, namely, E5 and E6, that ensure that the correct environment for viral replication is maintained.
